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(54) Discrete phase modulator 

(57) Discrete phase modulation for modulating the 
transmit and receive radar signal waveforms in order to 
control distortion. The signal is modulated by discrete 
phases which change from pulse-to-pulse. A digital fre- 
quency division circuit accurately generates the modu- 



lation signals, and allows the discrete phases to be 
generated with precise accuracy. The discrete phase 
changes can be a quadratic phase progression for tar- 
get Doppler and range detection. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

Trie invention relates to a radar system where a dis- 5 
crete phase modulation of a signal is needed, and more 
particularly to a technique for modulating a signal trans- 
mitted or received by the radar system with an 
extremely accurate discrete phase modulation. 

10 

BACKGRQUNP OF THE INVENTION 

In a radar system, both the transmit and received 
signal are modulated. Modulating the transmit signal 
with a low rate frequency modulation is used in high is 
pulse repetition (PRF) radars for a ranging known as FM 
ranging. The received signal prior to the analog-to-dig- 
ital converter (ADC) is modulated to control the nonlin- 
ear distortions that occur after the application of the 
modulation and which corrupt the Doppler spectrum 20 
and reduce the target detectability. For example, one 
type of modulation known as clutter tuning places the 
mainlobe clutter at a position in the spectrum where the 
harmonics of the mainlobe clutter due to the non-linear- 
ities do not interfere with the target detection process. 25 

These modulations are conventionally performed 
with a finely tunable frequency synthesizer which gener- 
ates a analog modulation. The extremely low noise and 
spurious levels which are required in some radar appli- 
cations make the design of the synthesizer challenging. 30 

Advanced radar systems require components 
whose noise and spurious performance are well beyond 
that of currently fielded systems. The noise and spuri- 
ous performance of the variable frequency oscillator 
(VFO) used for Doppler tuning must, in particular, be 35 
dramatically improved to be compatible with these appli- 
cations. 

The prior art for electrically tuned phase shifters is 
wide and disperse. It includes analog designs using var- 
actor tuning, switched line lengths, tapped delay lines, 40 
vector modulators, and direct digital synthesizer (DDS). 
With the exception of the DDS, the phase resolution and 
accuracy that can be achieved from these approaches 
is limited by fabrication precision, alignment accuracy, 
and parasitic effects. The DDS can achieve the phase 45 
resolution, but requires additional circuitry to provide the 
spurious signal performance required for radar applica- 
tions 

SUMMARY OF T HE INVENTION 50 

A modulator for modulating an RF signal with fixed 
frequency modulation with step changes of phase is 
described. The modulator comprises a modulating 
means for modulating the RF signal with a modulating 55 
signal, and means for generating the modulating signal. 
The generating means includes means for providing a 
constant frequency signal, and means for shifting the 
phase of said constant frequency signal by a sequence 



of discrete phase changes to produce the modulation 
signal. 

In a particular embodiment, the means for shifting 
the phase of the constant frequency signal includes 
means for converting the constant frequency signal into 
a pulse train of period equal to the period of the con- 
stant frequency signal, and means for dividing the fre- 
quency of the pulse train signal by a factor of N, thereby 
increasing its period by N. The frequency dividing 
means includes a counter having N states and clocked 
by the pulse train for counting N pulses and then reset- 
ting. The phase shifting means includes means for 
resetting the counter to commence counting from an 
incremented start count state for a single cycle of divi- 
sion of the frequency division means, the incremented 
start state being incremented by M states from the 
counter nominal start state, thereby providing a phase 
change of (M/N)360 degrees. A band pass filter cen- 
tered at the constant frequency filters the frequency 
divider output to provide the modulating signal. 

The modulator can be employed in a radar system 
which includes means for transmitting a sequence of 
pulses which are modulated with a constant frequency 
and step phase changes between pulses to form a 
transmit pulse train, the pulse train including pulse rep- 
etition intervals between pulses, antenna means for 
receiving return signals from the transmitted pulse train 
and producing receive antenna signals, and means for 
modulating the received antenna signals with a con- 
stant frequency modulating signal with step changes of 
phase between pulse repetition intervals. 

BRIEF DESCRIPTION OF THE DRAWING 

These and other features and advantages of the 
present invention will become more apparent from the 
following detailed description of an exemplary embodi- 
ment thereof, as illustrated in the accompanying draw- 
ings, in which: 

FIG. 1 is a simplified block diagram of a modulation 
system embodying the invention which applies 
modulation to the signal received in a radar system. 
FIG. 2A illustrates an exemplary transmit pulse 
train. FIG. 2B illustrates the receive active intervals. 
FIG. 2C shows the modulation signal applied by the 
system of FIG. 1. 

FIG. 3 is a simplified block diagram of a modulation 
system embodying the invention which applies 
modulation to the signal transmitted by a radar sys- 
tem. 

FIGS. 4A and 4B illustrate respectively an exem- 
plary transmit pulse train and a modulation signal 
applied to the pulse train in accordance with the 
invention. 

FIG. 5 is a simplified block diagram showing an 
alternate embodiment of a radar receive system in 
accordance with the invention. 
FIG. 6 is a simplified block diagram showing a 
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phase shifter using a modified digital frequency 
divider in accordance with the invention. 
FIG. 7 illustrates the counter states of the counter 
comprising the frequency divider of FIG. 6. FIG. 8 
illustrates an alternate embodiment of a phase 
shifter in accordance with the invention. 
FIG. 9 is a representation of the output of the dig- 
ital-to-analog converter comprising the phase 
shifter shown in FIG. 8. 

PETAIIEP PESCRIPTIQN QF THE PREFERREP 
EMBODIMENT 

One aspect of this invention involves the application 
of modulation by discrete phases from pulse-to-pulse in 
a radar system. Frequency dividers are employed in 
accordance with the invention to accurately generate 
the discrete phases. This modulation scheme can be 
used to replace the conventional analog modulations 
used in radars prior to analog-to-digital (A/D) conver- 
sion to control distortion. In addition, this modulation 
can be used to alter the transmit waveform to control 
receive distortion, as discussed above, or to supply a 
quadratic phase pulse-to-pulse to provide the ranging 
capabilities normally provided by FM ranging as used in 
high PRF waveforms. It is recognized that the ranging is 
due to the quadratic phase pulse-to-pulse and not to the 
linear frequency modulation. 

The use of digital frequency dividers to derive the 
accurate phase allows the discrete phases to be gener- 
ated with sufficient accuracy to achieve the require- 
ments for high performance radar systems. A direct 
digital synthesizer is a form of a frequency divider and 
could alternatively be used in this application. However, 
the use of discrete phase changes is unique. The mod- 
ulation technique described herein can also be used in 
other parts of a radar system or other applications. The 
modulation is applicable to systems which require a 
pulse like modulation. 

The invention recognizes that the modulation 
applied to the incoming signal prior to A/D conversion to 
control distortions, e.g., clutter tuning, can be a discrete 
phase modulation. The discrete phase modulation is 
characterized by a fixed frequency modulation with step 
changes of phase being performed on a pulse-to-pulse 
basis. A preferred implementation of the discrete phase 
modulation employs a digital frequency divider having 
excellent spectral properties. These excellent spectral 
properties map into exceptionally accurate phase states 
for the discrete modulation. 

FIG. 1 illustrates an exemplary simplified block dia- 
gram of a modulation system 50 in accordance with the 
invention. The radar return signal is received at the 
radar antenna 52, and applied to mixer 54, where the 
return signal is modulated by the signal cos (<ot+<t>p), 
The modulating signal changes by discrete changes in 
the phase <|>p from one receive active interval to the 
next. The modulated signal is then passed to the l/Q 
detector 56, the detected signal is converted to a digital 



4 

signal by A/D converter 58, and the digitized signal is 
passed to the receiver digital signal processor for fur- 
ther processing. 

FIGS. 2A-2C illustrate respectively an exemplary 

5 transmit pulse train, the receiver active intervals, and 
the modulation signal applied in accordance with the 
invention. Since the radar on receive is gated off during 
the transmit pulse event and no signal is received during 
this period, the transients due to the discrete phase 

10 change settle in this period prior to application to the 
received signal during the receive period. The 
sequences of phases, ^ applied during sequential 
receive intervals can change in a linear manner, e.g., 0°, 
4°, 8°. 12°, to achieve Doppler tuning or in a nonlin- 

15 ear manner for other purposes. FIG. 2C is not intended 
to illustrate accurately different phase values, but rather 
the manner in which the phases could be changed from 
one PRI interval to the next. 

Furthermore, the disclosed invention recognizes 

20 that a modulation applied to the transmit signal to con- 
trol distortion, e.g., clutter tuning, and to provide the 
ranging capabilities like FM ranging in high PRF, can be 
a discrete phase modulation. The resultant transmit 
waveform is characterized by a fixed frequency modula- 

25 tion with step changes of phase being performed on a 
pulse-to-pulse basis. A preferred implementation of the 
discrete phase modulation employs the same device 
discussed for the implementation in the receiver. 

FIG. 3 illustrates an exemplary simplified block dia- 

30 gram of a transmit modulation system 100 in accord- 
ance with the invention. The basic radar waveform from 
the exciter (not shown) is applied to a mixer 102 where 
the waveform is modulated by cos(a)t+(|>p). The modulat- 
ing signal changes, in accordance with the invention, by 

35 discrete phase, <t> p , from one pulse p to the next. The 
resultant signal is passed to the transmit amplifier 104 
and the antenna 106. 

FIGS. 4A and 4B illustrate respectively an exem- 
plary transmit pulse train (FIG. 4A) and the modulation 

40 applied in accordance with the invention (FIG. 4B). Dur- 
ing the receive period, the transients due to the discrete 
phase changes are allowed to settle. The sequence of 
phases <|>Ap can change in a linear manner, e.g., 0°, 4°, 
8°, to achieve Doppler tuning of the received signal 

45 or in an nonlinear manner. Changing the phase in a 

quadratic manner, e.g., 1°, 4°, 9°, 16°, 25° provides 

a resultant waveform which can be used in place of con- 
ventional FM ranging. 

FIG. 5 illustrates the sequence of processing the 

so received signal, which have been modulated by the sys- 
tem 100, for the waveform with the quadratic phase 
modulation. In the receiver system 50', the radar signal 
is received by a conventional receiver 48. The receiver 
48 includes the detector and ADC elements shown as 

55 elements 56 and 58 in FIG. 1 . The receiver output from 
the ADC is phase shifted with a multiplier 60 in the 
receiver digital processor by the same quadratic 
sequence used on transmit. The multiplier output is 
Doppler filtered by filter 62 in a manner similar to the 
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Doppler filtering employed in conventional FM ranging. 
The phase shift could be alternatively introduced before 
the A/D converter with a discrete phase modulator if 
desired, i.e., in a manner similar to that shown in FIG. 1 . 
Finally, conventional thresholding of Doppler filters 5 
takes place at thresholding function 64 to form target 
hits. As in conventional FM ranging, a target hit will 
occur in a Doppler filter which correspond to a linear 
combination of the target Doppler and range. 

Applications of these approaches to high perform- 10 
ance radar systems require the accuracy of the discrete 
phase be quite precise. This is achieved in accordance 
with one aspect of the invention by observing that a dis- 
crete phase change of a constant frequency signal is 
equivalent to a time delay or advance. This is seen by is 
noting that 

cos(a>t+<|>) = cos(co[t+"n) 

where co is the center frequency, t is the time variable, <|> 20 
is the phase, and 

T = <)>CD 

The time delay is easily implemented with the use 25 
of digital frequency dividers which have counting circuits 
to perform the frequency division. For example, con- 
sider the frequency divider system 150 shown in FIG. 6. 
The system has a constant frequency signal cos(cot) as 
an input, and divides the frequency by N . First, the input 30 
signal is converted into a pulse stream by pulse gener- 
ator 152; the pulse stream is provided as an input to the 
digital frequency divider 154. The divider 154 includes a 
counter to count pulses, and when the count reaches N, 
a pulse is generated which restarts the counter. The 35 
pulse stream coming out of the divider 104 is filtered by 
a filter 156 to remove harmonics of the pulse stream, 
and the resultant signal is a constant frequency signal 
whose frequency is the input frequency divided by N. 

To use circuit 150 as a phase shifter, the divider 40 
counter state is incremented at the beginning of the 
transmit pulse event by M counts as shown in FIG. 7. 
The undefined region in FIG. 7 depicts that the exact 
time of the phase shift is not important. FIG. 7 illustrates 
the exemplary case in which M = 3. This will provide a 45 
phase change of 360°(M/N) between pulses. Thus, the 
signal out of the frequency divider system 150 is 
advanced relative to the signal output from the divider 
system for the prior pulse repetition interval (PRI). which 
constitutes a phase change. Since the frequency divid- so 
ers are very precise devices, the accuracy of the phase 
shift is also very precise. 

An issue with the above approach is the filter set- 
tling time at the phase changes. To reduce the filtering 
requirement and control the transient period, an alterna- 55 
tive to the frequency divider with a pulse stream for an 
output is used. For this alternative embodiment, illus- 
trated in FIG. 8 as system 150', the counter in the fre- 
quency divider 154' addresses a read only memory 



(ROM) 155A to read a value which drives a digital-to- 
analog converter (DAC) 155B and produces an approx- 
imation of a sine wave (FIG. 9), where one cycle of the 
sine wave occurs for N input pulses. The filtering 
requirements required of filter 156* for this discrete sig- 
nal are less stringent than the filtering requirements of 
the pulse train of the embodiment of FIG. 6. when the 
counter comprising divider 154' is incremented to effect 
a phase change, the signal is advanced and a phase 
change occurs. This is depicted in FIG. 9. 

The system 1 50* shown in FIG. 8 is similar to a DDS 
with special control circuitry. The signal out of the 
divider 154' is periodic versus the output of a conven- 
tional DDS, which due to approximations in the internal 
mechanization of the DDS may only approach being 
periodic. Hence, the harmonics of the frequency divider 
154* can be filtered out to provide a clean signal, but the 
DDS will generate additional distortions which cannot 
be removed by filtering if the periodicity is not main- 
tained. 

For some systems, phase states of the form (M 
360°)/N will be too coarse for reasonable size N. For 
example, a dividing ratio of 1000 is an unrealistic for the 
current state-of-the-art with a single digital divider. How- 
ever, the above described digital divider may be cas- 
caded so as to achieve a dividing ratio of e.g. 51 2 or 990 
or even more. 

In summary, there is disclosed a discrete phase 
modulation for modulating the transmit and receive 
radar signal waveforms in order to control distortion. 
The signal is modulated by discrete phases which 
change from pulse-to-pulse. A digital frequency division 
circuit accurately generates the modulation signals, and 
allows the discrete phases to be generated with precise 
accuracy. The discrete phase changes can be a quad- 
ratic phase progression for target Doppler and range 
detection. 

It is understood that the above-described embodi- 
ments are merely illustrative of the possible specific 
embodiments which may represent principles of the 
present invention. Other arrangements may readily be 
devised in accordance with these principles by those 
skilled in the art without departing from the scope and 
spirit of the invention. 

Claims 

1 . A modulator (50; 100; 50') for modulating an RF sig- 
nal with fixed frequency modulation with step 
changes of phase, 
characterized by: 

a modulating circuit (50; 100; 50*) for modulat- 
ing said RF signal with a modulating signal; 
and 

a signal generator for generating said modulat- 
ing signal, said generator including: 

means for providing a constant frequency 
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signal; and 

means (150; 150') for shifting the phase of 
said constant frequency signal by a 
sequence of discrete phase changes to 
produce said modulation signal. 5 

2. The modulator of claim 1 , characterized in that said 
means (150; 1 50') for shifting the phase of said con- 
stant frequency signal includes: 

10 

means (152; 152*) for converting said constant 
frequency signal into a pulse train waveform of 
periodicity corresponding to the periodicity of 
said constant frequency signal; 
means (154; 154') responsive to said pulse is 
train waveform for dividing the frequency of 
said pulse train waveform by a factor of N, 
thereby increasing its period by said factor of N, 
said means (154; 154') including a counter 
clocked by said pulse train for counting N 20 
pulses and then resetting, said counter having 
N states; and 

means for resetting said counter to commence 
counting from an incremented start count state 
for a single cycle of division of said frequency 25 
division means, said incremented start state 
being incremented by M states from the coun- 
ter nominal start state, thereby providing a 
phase change of (M/N)360 degrees. 

30 

3. The modulator of claim 1 or 2, characterized in that 
said means (150; 150') for shifting the phase of said 
constant frequency signal further comprises a band 
pass filter (1 56; 156') centered at said constant fre- 
quency. 35 

4. A radar system, characterized by: 

a radar transmitter system (100) for transmit- 
ting a sequence of pulses to form a transmit 40 
pulse train, said pulse train including pulse rep- 
etition intervals between pulses; 
a receiver system (50; 50') for receiving return 
signals from said transmitted pulse train and 
producing receive antenna signals; and 45 
means (54, 150; 54, 150'; 60, 150; 60, 150') for 
modulating said receive antenna signals with a 
constant frequency modulating signal with step 
changes of phase from pulse to pulse, and/or 
means (102, 150; 102, 150') for modulating so 
said transmit pulses with a constant frequency 
modulating signal with transmit step changes 
of phase from pulse to pulse. 

5. The radar system of claim 4, characterized in that 55 
said modulating means (54, 150; 54, 150'; 60, 150; 

60, 150' and/or 102, 150; 102, 1501 comprises 
means for generating said modulating signal, said 
generating means including: 



means for providing a constant frequency sig- 
nal; and 

means (150; 150") for sequentially shifting the 
phase of said constant frequency signal by a 
sequence of discrete phase changes to pro- 
duce said modulation signal. 

6. The radar system of claim 5, characterized in that 
said means (1 50; 1 50') for shifting the phase of said 
constant frequency signal includes: 

means (152; 152^ for converting said constant 
frequency signal into a pulse train of period 
equal to the period of said constant frequency 
signal; 

means (154; 154') responsive to said pulse 
train for dividing the frequency of pulse train 
signal by a factor of N, thereby increasing its 
period by said factor of N, said means (154; 
154') including a counter (154; 154') clocked by 
said pulse train for counting N pulses and then 
resetting, said counter (154; 154') having N 
states; and 

means for resetting said counter (154; 154') to 
commence counting from an incremented start 
count state for a single cycle of division of said 
frequency division means, said incremented 
start state being incremented by M states from 
the counter nominal start state, thereby provid- 
ing a phase change of (M/N)360 degrees. 

7. The radar system of claim 5 or 6, characterized in 
that said means for shifting the phase of said con- 
stant frequency signal further comprises a band 
pass filter centered at said constant frequency. 

8. The radar system of any of claims 4 - 7, character- 
ized in that said step phase changes comprise a lin- 
ear progression of phase shift values. 

9. The radar system of any of claim 4 - 7, character- 
ized in that said step phase changes comprise a 
quadratic progression of phase shift values. 

10. The radar system of any of claims 4 - 8, character- 
ized in that said transmit and said receive step 
changes comprise a quadratic progression of 
phase shift values, and said modulated received 
signals are passed through a Doppler filtering sys- 
tem (62) and subjected to a thresholding function 
(64) to detect target range and Doppler. 
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